The aim of this work is to provide insights into multiple metrics clinical validation of deformable image registration and contour propagation methods in 4D lung radiotherapy planning. The following indices were analyzed and compared: Volume Difference (VD), Dice Similarity Coefficient (DSC), Positive Predictive Value (PPV) and Surface Distances (SD). The analysis was performed on three patient datasets, using as reference a ground-truth volume generated by means of Simultaneous Truth And Performance Level Estimation (STAPLE) algorithm from the outlines of five experts. Significant discrepancies in the quality assessment provided by the different metrics in all the examined cases were found. Metrics sensitivity was more evident in presence of image artifacts and particularly for tubular anatomical structures, such as esophagus or spinal cord. Volume Differences did not account for position and DSC exhibited criticalities due to its intrinsic symmetry (i.e. over-and under-estimation of the reference contours cannot be discriminated) and dependency on the total volume of the structure. PPV analysis showed more robust performance, as each voxel concurs to the classification of the propagation, but was not able to detect inclusion of propagated and ground-truth volumes.
Introduction
In the modern clinical practice of radiation therapy, the main goal is to achieve a high local selectivity of irradiated tissue in the target, with minimal irradiation to surrounding healthy organs. For the treatment of moving targets in extracranial districts, time resolved imaging techniques (4D Computed Tomography) (1) is particularly appropriate for breathing-related treatment planning (4D treatment planning) (2, 3) . However, 4D treatment planning requires a considerable additional workload for radiation oncologists in the delicate procedure of manual contouring of target and organs at risk (3) . In order to overcome this issue and increase the cost-benefits ratio of time-resolved strategies in clinical practice, several approaches of automatic contour propagation have been proposed (4) (5) (6) (7) (8) (9) . The basic idea is to adapt a Region of Interest (ROI) across multiple time-resolved CT volumes, by a combination of image registration and warping techniques, and to exploit the results of this volumetric deformable registration to map automatically the manually delineated structures on one volume, representative of a specific breathing phase, to all the remaining volumes included in the 4D CT study. Several flavors of registration algorithms, cost function, optimization methods and validation metrics have been proposed (10, 11) . In some cases, attempts have been made to quantitatively compare different registration algorithms (12) (13) (14) (15) . The open question is how to make these validation and algorithm comparison procedures sufficiently swift and robust to be applied effectively into the clinical routine.
The accuracy of contouring of medical images is difficult to quantify in the absence of an accepted reference standard for clinical imaging data. Phantoms incorporate the imaging system characteristics as opposed to synthetic images, but generally cannot reproduce both normal and pathological variability. The behavioral comparison with manual delineations by groups of experts is often preferred (22, (16) (17) (18) (19) (20) (21) . However, manual contouring is intrinsically subjected to a rater specific (intra-rater, i.e. same experts would never draw the same contour in two different separate sessions) and between raters (inter-rater, i.e. different experts would draw different structures according to their experience) variability. A different perspective is offered by combining experts contours on the basis of a voting rule, e.g. selecting all voxels where some majority of experts agree the structure to be segmented is present (23) . Alternative statistical methods have been proposed, amongst which expectation-maximization for Simultaneous Truth And Performance Level Estimation (STAPLE) algorithm is probably the most famous (24) . In this algorithm, the probabilistic segmentation represents the consensus amongst appropriately trained human raters, or automated algorithms, according to their performance levels. As a patient specific validation process would not decrease the workload by any means, there is the strong need of appropriate quantitative indices for quality assessment of a specific deformable registration method tested on a limited clinical dataset, featuring generalization capabilities at least within a specific treatment area.
Metrics used for contour propagation quality evaluation can be classified into point-, surface-, intensity-and volumebased methods (22) . Point-based methods imply the computation of 3D residual error on selected landmarks (25, 26) and are rarely applicable in the clinic without an additional manual workload. Only recently an approach using Scale Invariant Feature Transform for image registration validation through automatic point detection was proposed by Paganelli et al. (27) . Several approaches to surface distances computation have been proposed (28) (29) (30) (31) (32) . Intensity based methods include voxel-by-voxel difference and global as well as local correlation indices, which can discriminate inaccurate registration but cannot grade registration quality, as it has recently been demonstrated by Rohlfing (33) . Amongst volume-based metrics, we count volume difference estimation and the Jaccard and Dice coefficient (34) , which expresses the mean overlap between two structures. Receiver Operating Characteristic (ROC) analysis (35, 36) has also been proposed for the assessment of the performance of atlas-based automatic segmentation methods.
Each metric exhibits strengths and weaknesses (33, (37) (38) (39) but none of them have been proven best above the others in terms performance. This suggests that the use of a combination of metrics is worth investigating.
In this work, we compared four different validation metrics for contour propagation quality assessment in lung cancer 4D treatment planning. A 3D B-Spline deformable registration was applied to map anatomical structures between reference and target datasets. Each of the four selected metrics was tested by comparing the automatic contour propagation algorithm with a reference volume generated using STAPLE from manual contouring performed by five expert radiation oncologists from two cancer centers. Results were grouped together in order to support the proposal of an optimal metrics combination, featuring quality assessment reliability and robustness.
Materials and Methods

Metrics
We evaluated the performance of Volume Difference accuracy (VD), Dice Similarity Coefficient (DSC) (34), Receiver Operating Characteristic (ROC) (35, 36) and Surface Distance (SD) (29, 30) .
For each propagated contour, VD was calculated as
where V test is the current test volume and V ref the STAPLE reference volume.
DSC is defined as
2 test reference test reference [2] and represents the ratio between the amount of overlap of two structures and the mean total volume. It ranges from 0 to 1, with 1 a perfect overlap between the examined structures. as column vectors describing sensitivity and specificity of each segmentation respectively, and as such p j 5 Pr (D ij 5 1 ½T i 5 1) and q j 5 Pr (D ij 5 0 ½T i 5 0) with j 5 1…R and i 5 1…N. We also define D as N 3 R matrix of the binary decisions at each voxel and T as indicator vector of N elements of the true estimate. STAPLE maximizes:
STAPLE algorithm treats the problem of constructing a reference as a voxelwise classification, which leads to an averaging scheme that accounts for systematic biases in the behavior of experts, in order to generate a fuzzy ground truth volume and simultaneous accuracy assessment of each of them. The final contour is then derived as a maximum likelihood segmentation, by selecting the label with the highest probability at each voxel.
Experiments
To describe the manual contouring repeatability separately at inhale and exhale, as well as to provide a measure of uncertainty to be compared with the final results, we first of all computed the inter-rater variability in terms of DSC. To assess the variability of the group of experts with a pairwise index, we perform DSC of each manual contour against all the others and describe the variability of the group as median of the pairwise DSC.
To apply ROC analysis to a contour propagation problem, we define True Positive (TP), as the number of voxels that are included in both datasets, True Negative (TN), as the voxels that are excluded in both images, False Negative (FN), as the voxels of the reference volume that are not covered by the warped contours, and False Positive (FP) as the voxels of the warped volume which fall outside the original region in the reference image.
As we are dealing with binary structures, the number of true negatives is generally much larger than false positives, thus leading to non-meaningful specificity values, as reported also by Isambert et al. (35) . We therefore decided to synthetize the results in terms of Positive Predicted Value (PPV), which is defined as
and quantifies the rate of correctly propagated voxels with respect to the total number of voxels in the propagated volume.
The Surface Distance was instead computed relying on the mean surface distance implementation provided by the Insight Toolkit (ITK, www.itk.org). For each voxel j on the boundary of the propagated contour, we compute the closest one on the surface of the reference volume and name the corresponding distance d j,i . The same strategy is applied to find d i,j , that is the distance of voxel i of the ground-truth volume from propagated contour surface. The directional distances are computed using the Danielsson distance maps (29) and the final distance is then computed as
Experimental Datasets
Our patient database included 3 lung cancer patients, imaged with 4D Computer Tomography (4DCT). The scans were acquired with a 4-slice scanner (LightSpeed QX/i, GE Medical Systems, Milwaukee, WI) operating in axial cine-mode. The scan was synchronized with the patient's breathing signal monitored with the Real-Time Position Management System (RPM, Varian ® Medical System, Palo Alto, CA), according to the acquisition protocol developed at the Massachusetts General Hospital (1) . The patients were imaged in treatment position. The study was performed retrospectively under expedited IRB protocol #2006-P-002374/1. A reference contour for each breathing phase was then built with the STAPLE algorithm, to serve as ground-truth for metrics fair comparison.
A multistage deformable registration between full inhale and full exhale (and vice-versa) respiratory phases was performed with Plastimatch (www.plastimatch.org) (40) . The transformation is approximated by cubic B-Splines, and the root mean square mismatch of voxel gray values is optimized by a bounded Limited memory Broyden-Fletcher-Goldfarb-Shanno (L-BFGS-B) algorithm. We used one combination of parameters to make the contour propagation validation independent from patient-specific tuning of the registration parameters. The parameters were chosen to trade-off between computational time, accuracy of the registration (in terms of visual alignment) and smoothness of the transformation (i.e. minimum of the Jacobian determinant). Plastimatch provides the user with analytic regularization, whose amount can be tuned using a parameter l (43, 44) . Therefore, we tested the contour propagation with and without regularization. Algorithm running times are on the order of 15 minutes for images of size 512 3 512 3 136 volumes on a laptop mounting an Intel ® Core™ 2 Duo 2.67 GHz, with 4 GB of RAM.
The resulting 3D deformation field was used to warp the manually drawn contours to the target phase, without any further post-processing or smoothing.
Finally, we report the performance of each of the five propagated contours per organ against the respective STAPLE ground-truth in terms of DSC, SD, PPV and VD and look for metric judgment discrepancies using scatter plots in which we pair all metrics in turn. If all the metrics were equivalent, they would return the same answer on the performance of propagation. If this is not happening, we classify the metric as discrepant. Figure 1 , panels A to C, report the final STAPLE groundtruth contour (line) of patient 1 together with an example Figure 1 : STAPLE weights for all analyzed structures in patient 1. To proceed with the final maximum likelihood estimation, the algorithm associates to each voxel the probability to be in or out of the structure. Here we report in light gray the probability of being in the structure when this is equal to one, whereas colored areas are those in which the algorithm must decide for inclusion or exclusion. Red solid line represents the final segmentation after maximum likelihood estimation. of weights generated by STAPLE (solid). If the voxel has a probability equal to 1 of being included in the final contour (i.e. p j 5 1), we represented it in light gray, whereas a color representation is chosen for critical areas which will be included based on q j . We note that the higher variability is concentrated next to the bronchial tree and the aortic arc in the lungs and towards the atria for the heart. We also analyzed the inter-rater variability in our expert pool separately for registration on inhale and on exhale respiratory phases and report the agreement between the raters in terms of DSC (Figure 2 ). Note that the esophagus is the most debated structures amongst the experts. At a 5 1% in a Wilcoxon Signed Rank Test, no statistical difference was found between inhale and exhale for all structures in the inter-rater variability distribution. We tested contour propagation algorithm both with regularized and non-regularized deformable registration and found no appreciable difference in the final results, if compared to the same STAPLE ground-truth segmentation.
Results
Looking at contour propagation results, minimum and maximum values of each metric for each organ are summarized in Table I . In Figure 3 , we report the pairwise scatter plots of all considered OARs. We note that all metric agreed in the evaluation of lung contours (gray cross and plus in Figure 3) , with very few variability in the values distribution. Most of the variability reflects decision of reconstruction artifacts, aortic arch and medial part of the bronchial tree inclusion or exclusion when contouring, that are averaged out by the STAPLE algorithm in constructing the reference (Figure 1 ). Such decisions have a limited impact on DSC, given its mean nature, but could potentially affect surface distance, increasing the dispersion. In our patient set, however, the maximum SD was 2.4 mm and 3.0 mm for left and right lung respectively. These two values correspond to 0.94 and 0.93 agreement for DSC, 0.09 and 0.08 residual for VD, and 0.96 and 0.90 PPV.
As already reported by other authors (16) , contouring, registration and propagation of the esophagus is more difficult, as demonstrated in our results by the higher variability amongst the different metrics. Maximum SD was 5.3 mm corresponding to 0.53 agreement in terms of DSC, 0.70 residual VD and 0.73 PPV, whereas minimum SD was 0.87 mm also corresponding to a 0.73 PPV, but to only 0.13 residual VD and 0.80 DSC. Instead, looking at the maximum DSC (0.81), this corresponds to 0.88 mm residual SD, 0.09 residual VD and only 0.60 PPV. The residual SD is 2.40 mm at minimum DSC (0.42), with VD also as low as 0.08 and PPV equal to 0.86.
The spinal cord can serve as control structure, as it is not involved in breathing motion, and presented higher DSC (between 0.76 and 0.93). At maximum DSC (0.93), SD is 0.39 mm, residual VD is 0.04 and PPV 0.96, whereas maximum SD (9.53 mm) corresponds to the minimum DSC (0.76). Main source of uncertainty for both considered tubular organs is starting and ending slice chosen by the different raters, despite the agreement on a common protocol ( Figure 4 ).
Propagation of the heart contour serves as a good example for our analysis. In Figure 2A and 2B, we note that DSC found very good agreement between STAPLE and observers for all patients heart (see also maximum and minimum DSC in Table I ), but both VD and SD demonstrated that there are 3 : Scatter plots comparing the results obtained evaluating the propagated contours against ground-truth in terms of volume difference (VD), Dice coefficient (DSC), surface distance (SD) and positive predicted value (PPV). We compare the metrics pairwise and look for discrepant judgment. The more evident case is the heart, whose not accurate propagation is not detected by DSC, but from VD and SD. actually residual differences between the propagated contours. PPV demonstrated some discriminative power, but combining it with either VD or SD reveals cases in which same PPV corresponds to different VD or SD. The disagreement between the metrics can be explained looking at Figure  5 . It can be clearly seen that STAPLE reference contour (line) contains propagated expert contour in some cases (solid). We also report the single rater segmentation, representing the sum of votes received for each voxels with a different color. Therefore, violet corresponds to 5 votes (i.e. for all raters violet voxels are in the structure), light green to 4 votes, yellow to 3, orange to 2 and red to 1 vote.
Figure 6:
Effect of the regularization on the propagation of the contours. In panel A, we present the non-regularized displacement field (subsampled with a ratio of 1:5 and magnified three times) pulling voxels of the moving exhale image to the reference inhale scan of patient 1 as green vectors. Note the presence of discontinuities in the fibrotic area and at the diaphragm of right lung and in the central and lower lobe of the left disease-free lung. In panel B, we present the same displacement field after the introduction of regularization, which evidently smooths out the discontinuities. In both panels, the ground truth contour obtained by STAPLE is also reported (solid red).
Discussion and Conclusion
In this work, we compared four of the most popular performance indices used to evaluate contour propagation in radiation therapy clinic, if landmarks distance cannot be evaluated. We worked on a sample dataset of thoracic 4D CT, where anatomical structures were outlined by expert physicists from two different centers under the same contouring protocol. We have extended the definitions of pairwise indices as DSC to encompass the case with multiple observers. Inter-rater variability was preferred for accuracy evaluation with respect to intra-rater dispersion according to the evidence that the most significant part of the error can be ascribed to the inter-observer variability, and that intra-rater variability is of smaller magnitude (18, 40) . We performed registration using both inhale and exhale volume as reference volumes, with the same parameters for all patients included in the study. The registration algorithm we used provides the possibility to regularize the deformation, regulating its amount with a parameter l, as described in (43, 44) . Few discontinuities were present in the final deformation field also introducing regularization, in particular next to the diaphragm. In fact, despite the regularization, the physiological sliding motion between lungs and ribs cannot really be compensated for with this type of registration method. The benefit of this regularization can nonetheless be seen inside the lungs ( Figure 6 ), but this has no significant impact on the propagated contours.
As none of our experts can be absolutely defined as ground truth, we constructed a reference volume by means of STA-PLE algorithm. As can be seen from comparing the final segmentation and weights of the heart in Figure 1 with Figure  5A , STAPLE compensates the violation of the contouring protocols of two of the experts ( Figure 5A ). The results evaluated on this volume shall then be also interpreted in light of the inter-rater variability of our group of experts. Although establishing a threshold for each of these metric is difficult, a SD value below the slice thickness (i.e. 2.5-3 mm in our cases) is generally considered acceptable. A range of DSC values (Table II) generally denotes good agreement depending on structure volume (35, 42) , while for VD we accept residual difference up to 0.20 and for PPV above 0.7.
Panels A, D and F in Figure 3 , show how the inter-rater variability associated with our data is also reflected in the range of volume difference accuracy. For example, the small range of variability of the lungs contouring corresponds to VD residual below our acceptance threshold, whereas the large disagreements in the manual contouring of the esophagus can be seen also in the spread of the VD scatterplots. Despite its immediacy and very low computational cost, the usage of pure volume difference estimation accuracy brings along the loss of information on spatial misalignment (36) . Therefore it might be preferable to combine this index with one describing the position. The combination with the center of mass is so far the most widespread. Nonetheless it should be used carefully, because the independent choice of the raters on what to include or exclude in the structures might result in a different center of mass.
As depicted in Figure 3 and 5, DSC demonstrated its weakness in the analysis of the heart, i.e. in those cases in which the propagated contour is completely or mostly included in the ground-truth volume. DSC is intrinsically symmetrical, thus hindering the ability to detect and discriminate over-from under-segmented regions. DSC will therefore detect misalignment, but might not be sufficiently sensitive to regional variation. In addition, a smaller structure will result in a lower DSC while a larger ones in a higher, because of the different impact of the inclusion or exclusion of one voxel with respect to the total number of voxels in the structure (35, 36) .
In Figure 3E , PPV demonstrated to be able to coarsely discriminate between the different heart propagation, but the comparative analysis with other metrics revealed the presence of several other differences. In fact, if we analyze the case in which one propagated contour is completely included in the STAPLE ground-truth, PPV will also very likely not detect it, because the part of reference contour not included will not change either TP or FP. From ROC analysis, we expected to get a better indication of how adequate the contour propagation technique is for radiation therapy treatments, as every single voxel gives the same contribution to the final derived metrics (no volume-dependency).
One of the major problems in using a full ROC analysis is the number of TN, which are generally at least one degree of magnitude more than the foreground voxels. Therefore, the choice of the PPV fraction is in our opinion the most appropriate for this application and represents the probability of the truth given the decision, i.e. the fraction of correctly identified voxels with respect to the total number of foreground voxels in the propagated volume.
Similarly to VD, Figure 3 (panels B, D and E) show the capability of surface distance to capture the intrinsic variability of the manual contours, conjugating the property of being sensitive to global and regional misalignment. On the down side, both irregularities and smoothing, together with absence of correspondence between two surfaces, may severely compromise the distance calculus. The probability that any of the three influences the final evaluation increases inversely with the resolution of the images, especially when the cranio-caudal resolution lowers in comparison to the in-plane one, and with the structure volume. When the surface is represented as mesh, besides excluding smoothing, the interpolation of the highly resolute points between two consecutive slices might be severe and affect the final result. In our approach, no smoothing is employed, but both ground-truth and propagated contour are rasterized to a binary volume on which the Danielsson distance map are calculated. The resolution of the calculus is also in this case corresponding to the image grid, but we retain both position information and efficiently detect regional variance. The final mean value gives an overall index for alignment and shape evaluation. The computation is slower, in comparison to volume-based metrics, especially PPV, whose computational cost does not increase with the size of the object to be analyzed. Surface distances evaluation might however be compromised by very local differences, such as starting/ending slice for tubular organ, as the full distance distribution might be difficult to analyze.
Besides the case of the heart, we also have shown that for structures which are difficult to contour, such as esophagus, discrepant judgment of the metrics occur more frequently than in control volumes, such as the spine. Even large easy contours like the lungs still raise some concerns, but differences are concentrated in border areas, like mediastinum and diaphragm. The latter in particular suffers from both inaccuracies in the contouring and in the registration and therefore detected distances might not reflect reality. If we compare Figure 2 and 3, we note that the very high agreement of the experts on the lungs contours are confirmed also by the contour propagation analysis, whereas difficulties in contouring the esophagus are definitely reflected also by the scatter-plots in Figure 3 . Spinal cord variability instead is compensated for by the STAPLE algorithm, whereas heart variability quantification might be affected from the same problems identified for the propagation algorithm and highlighted in Figure 5 .
Computational cost of all metrics was not an issue if compared to the total registration time, but it shall be noted that surface distance might generally be slower than other indices, independently of the specific implementation.
In conclusion, DSC is volume dependent and cannot discriminate between over-and under-estimated contours. PPV has more discriminative power than DSC, but yet fails in cases of full inclusion of the contours into another. VD is simple and immediate, but it lacks in detecting misaligned volumes. VD, supported by SD to discriminate between ambiguous cases, provides instead the necessary information, overcoming the limit of a mean index and satisfying reliability requirements.
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